One contribution of 13 to a theme issue 'Bioengineering for women's health, volume 1: female health and pathology'. Uterine peristalsis due to spontaneous contractions of the myometrial smooth muscles has important roles in pre-implantation processes of intra-uterine sperm transport to the fertilization site, and then embryo transport to the implantation sites. We developed a new objective methodology to study in vivo uterine peristalsis in female mice during the pro-oestrus phase. The acquisition procedure of the uterine organ is remote without interfering with the organ function. The uniqueness of the new approach is that video images of physiological pattern were converted using image processing and new algorithms to biological time-dependent signals that can be processed with existing algorithms for signal processing. Using this methodology we found that uterine peristalsis in the pro-oestrus mouse is in the range of 0.008-0.029 Hz, which is about one contraction per minute and with fairly symmetric contractions that occasionally propagate caudally. This rate of contractions is similar to that of human uterine peristalsis acquired in vivo, which is important information for a popular animal model.
Introduction
The non-pregnant uterus of female mammals is a dynamic organ due to periodic contractility of the myometrial smooth muscles. Contractility of the myometrial smooth muscle is controlled by the level of hormones in the reproductive tract and varies with the reproductive cycle (i.e. oestrous in many mammals or menstruation in humans). These non-pregnant contractions of the myometrial smooth muscles produce intra-uterine wall motility, which induce a peristaltic-like motion of the intra-uterine fluid. Thus, it is also known as uterine peristalsis. It is well established that myometrial activity or uterine peristalsis has important roles in pre-implantation processes of intrauterine sperm transport to the fertilization site, and then embryo transport to the implantation sites [1, 2] .
In female mice, the pro-oestrus phase starts after follicles of the ovary start to grow. This stage is relatively short in mice; however, the oestrogen and progesterone hormones are significantly increased, which induce the growth of vaginal epithelial cells. These morphological changes allow for identification of the pro-oestrus phase. Moreover, the majority of female mice are most likely preparing for overnight mating at this stage [3] . Accordingly, uterine peristalsis at this stage is essential for successful transport of the sperm towards the fallopian tubes. After successful fertilization, intra-uterine transport of the embryos to the implantation sites is also dependent on uterine peristalsis. In monotocous species such as humans, the embryo implantation occurs at the ovulation side of the fundus, whereas in polytocous species like rodents the embryos implant almost evenly along the uterine horns [4] . Embryo implantation occurs during the window of implantation post ovulation when the endometrium is receptive for embryo penetration into the uterine wall [5] . The proper sites of embryo implantation are most likely determined by the nature of uterine peristalsis. Absence of uterine peristalsis or abnormal dynamics due to pathologies may lead to infertility or pregnancy failure.
Studies of electrical activity of rodent uterine smooth muscles during the oestrus cycles and pregnancy go back to the 1930s [6, 7] . Until the mid-1980s, uterine activity was measured in rats with electrical electrodes sutured to the horns either in vivo or in vitro with excised uteri, as well as in vivo pressure measurements with intra-uterine fluid filled balloons [1] . In the 1990s, techniques of video photography were implemented to study the uterine activity. Subjective evaluation of the role of circular and longitudinal myometrial muscle layers during uterine activity in rats was conducted in vivo using a video laparoscopy system during various phases of the oestrous cycle [1] . More recently, uterine contractility at different stages of the oestrous cycle was studied with the gastrointestinal motility monitoring system that analysed the horns' outlines in recorded video clips of excited ex vivo uteri from non-pregnant mouse [8] . In most of the above studies, as well as in others, the animal subjects were sacrificed after the experiments or the isolated ex vivo uteri samples did not represent the in vivo contractions [8] [9] [10] [11] [12] .
In the present study, we developed an objective method for analysis of in vivo non-pregnant uterine peristalsis in anaesthetized female mice from video clips. The movie images were converted to biological signals of the local motility of the horn diameters, which enabled utilization of advanced methods to explore the characteristics of this dynamic activity.
Method
The methodology of this study is based on our experience to convert video clips of medical images into time-dependent biological data for advanced spectral analysis [13 -17] . It is composed of in vivo acquisition of the mouse uterine peristalsis on a video file followed by an objective computerized analysis of the characteristics of the uterine peristalsis. The overall process is described in the flow chart of figure 1. It is composed of (i) in vivo acquisition of the uterine peristalsis on a video file and selection of the video clip for analysis; (ii) image processing for detection of the instantaneous contours of the mouse uterine horns; and (iii) analysis of the horn motility and the dynamic characteristics of uterine peristalsis.
In vivo recording of mouse uterine peristalsis
Adult CD1 female mice seven to eight weeks old were purchased from Vital River Laboratories Co. Ltd, China. The experiments and video recording of the uterine horns of the female mice were conducted in the Institute of Zoology, Chinese Academy of Sciences following the rules and guidelines of the local animal ethical committee and permission from the Institutional Animal Care Committee. The mice were allowed free access to water and food in 12 h light, 12 h dark conditions. Vaginal smear cytology was used to select the female mice at the pro-oestrous phase, as previously described [18] . We collected the vaginal smear at 09.00 on polylysine coated glass slides. The slides were air dried and stained with Giemsa for 20 min before rinsing by water. The pro-oestrus phase of the mice was identified by existence of a large number of nucleated epithelial cells. The selected mice were anaesthetized by intra-peritoneal administration of 'avertin' (300 mg kg 21 body weight). Then, we carefully opened the abdomen and prepared the uterus in a visible posture under a stereoscope (Nikon SMZ1000), which was connected to a video camera (Canon A650 IS) (figure 2). After observing periodic uterine contractions for about 5 min, we recorded a video file of the uterine peristalsis for at least 15 min and saved it as an AVI movie file. Following the experiments, we closed the mice abdomen and they were allowed to recover from surgery for about a month before they could successfully mate with normal males. In this study, we investigated the uterine contractions in five mice subjects.
Detection of the uterine horn instantaneous outlines
The recorded movie files were analysed in Tel Aviv University using the Matlab software. We extracted the video information regarding the frame rate and resolution and selected a section of about 2 min for the computerized analysis. The selected video clip was converted into bitmap images (i.e. over 3000 frames). The dominant frequency of mouse uterine peristalsis is most likely very low and less than 0.5 Hz, and therefore the sampling frequency based on Nyquist frequency rule should be at least two frames per second. Since the video files were recorded at a rate of 30 frames per second, we averaged every 10 consecutive frames into a single image and reduced the total number of images for the dynamic analysis. The open active contour method, which is also known as snakes, was implemented for optimal detection of the horn outlines in each of the images [19, 20] . We denoted these outlines left-lateral and left-medial for the left horn and right-medial and right-lateral for the right horn. We selected five regions of interest that included the horn outline and the tweezers in all the images of the selected video clip. The active contour method required conversion of the colour images into grey scale. We also applied a 2-D spatial median filter of 3 Â 3 to reduce noise interference and sharpening to improve the image quality. Edge detection of the outlines was done with the vector field convolution algorithm of Matlab that generates accurate smooth contours within a few iterations [15, 17] . Initiation of this procedure required manual marking of the initial guess of about 15 points on each of the four expected outlines of the medial and lateral outlines of the left and right horns in the first image. The smooth contours of the horns were obtained within five iterations. On each image we also identified the line of the tweezers beneath the horns that will be later used for registration of the images. Once we obtained the four contours of the horn edges and the tweezers line on the first image, we selected 10-15 points from each contour to serve as the initial guess points for processing of the contours on the second image, and so on.
Representative frames of the video clip from subject no. 1 are depicted in figure 3 along with the detected outlines of the horns. The contours of the horns and the tweezers lines from all the images (i.e. frames) of subject no. 1 are depicted in figure 4a. The green band represents the tweezers lines that move with the mouse body due to breathing. We assumed that the tweezers move with the subject thorax and removed this noise by registering all the images with respect to the line of the tweezers in the first image, as shown in figure 4b. In the electronic supplementary material we provide a video clip (electronic supplementary material, movie S1) of the original video recording along with the detected outlines.
Analysis of the horn motility (kinematics)
Analysis of the horn motility in the 2-D plane of the recorded images requires a reference line. In the absence of a non-deformed anatomical structure, we assumed that each horn has an inextensible temporary centreline in each frame. Accordingly, we located the centreline between the lateral and medial contours of each horn ( j). This was accomplished by fitting a tenth-order polynomial function to the lateral and medial contours of each horn, which easily provided the centreline between these mathematical curves. Then after, we computed the perpendicular distances from the centreline to the lateral and medial contours for each location j along the centreline.
In the next phase we straightened the horn lateral and medial contours with respect to their centrelines. First, we straightened the centrelines and registered them with respect to their intersection with the line of the tweezers. In the next step, we generated the instantaneous straightened lateral and medial contours using the perpendicular distances at all locations j along the straightened centreline. An example for the straightened horns at a given instant is shown in figure 5 . In the electronic supplementary material we provide a video clip (electronic supplementary material, movie S2) that demonstrates the motility of the horn lateral and medial outlines.
In the next step, we used the results from consecutive frames to compute the time-dependent local motility of the lateral and medial outlines of each horn at fixed locations j along their straightened centreline. This yielded the local motility (i.e. time-dependent) curves of the lateral and medial outlines of the horns at any location j along their centreline. We also calibrated the dimensions from pixels to millimetres based on the rulers in the x and y directions. The local motilities of the right and left horns at eight equally spaced locations are depicted in figure 6 for subject no. 4. These curves were further smoothed with a spatial low pass filter (i.e. moving average of 5) to remove noise induced by the present discrete analysis.
Since we assumed that the mouse uterine horns are tubular structures, we computed the local instantaneous diameters from the local instantaneous distances from the centreline to the lateral and medial outlines of the horn, which are depicted 
Analysis of the dynamic characteristics of uterine peristalsis
The video clip of the mouse horn motility was processed to yield the time-dependent biological signals shown in figures 6a and 7a. These figures represent the local motility at eight equally spaced locations along the horn centrelines. In order to get a more pictorial representation of the uterine peristalsis of the whole length of the horns we used the discrete results for the whole length of the horns to generate a 2-D grey scale image. For this purpose we used the time-dependent motility (i.e. over 120 s) of either each outline of the lateral and medial horns or the horn diameter at 80 locations (i.e. pixels) along the horn centreline. Using the Matlab function 'Mat2gray', each vector was converted by a linear transform into grey level intensity between 0.0 (i.e. black) and 1.0 (i.e. white) that corresponded to the minimum and maximum motility range, respectively. Sample results for the horn outlines and diameters are shown in figures 6b and 7b. The frequency spectrum of the uterine motility was explored by application of a fast Fourier transform (FFT) to the curves of the horn diameter motility at any given location for subject no. 4 ( figure 8 ). This analysis also provided the dominant frequency of the mouse uterine peristalsis. Since the motility signal is not necessarily a steady signal, we also determined the periodicity characteristic by applying an auto-covariance analysis. We used the Matlab function 'xcov' that returns the auto-covariance sequence of an array, which in the present study represent the motility signal. This analysis can be displayed at given axial locations along the straightened horn, or as a grey scale image of the whole horn ( figure 9 ). In addition, we also computed the correlation coefficients for the lateral and medial outlines of each horn to explore the level of symmetry of the peristalsis behaviour.
Results
The movie files of the uterine horns of five mice at the prooestrus stage were objectively analysed to determine the non-pregnant peristalsis from geometry changes of the horn lateral and medial outlines within the 2-D frame of the microscope plane. After detection of the horn outlines in all the frames of the video clip (figure 3), we registered the horn outlines of all the frames with respect to the tweezers (figure 4b). Then, we straightened the horn outlines ( figure 5 ) and computed the local motility in time as demonstrated for subject no. 4 in figure 6a for eight locations along the horns. The royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180082 time-dependent geometry changes of the lateral and medial outlines of the horns (shown in figure 6a ) provided the local time-dependent changes of the horn diameters (figure 7a). While figures 6a and 7a demonstrate the local motility of the horn at specific locations along the straightened centreline, the local motility along the whole length of the mouse horns is shown in figures 6b and 7b as grey level intensity in the scaled range of displacement. 
Discussion
A new method has been developed for in vivo objective analysis of biomechanical features of uterine peristalsis from video photography of the free uterus in the pro-oestrus open abdomen female mouse. The mice were anaesthetized and their abdomen was opened in a surgical intervention. However, imaging of the uterine horns was remote without interfering with the organ function. The mice recovered after the experiments and were able to conduct normal reproductive activities. In most previous studies to explore electrical activity or contractions of myometrial smooth muscles the animals were sacrificed after the experiments or the ex vivo experiments did not accurately represent the in vivo environments (as summarized in the Introduction). The mice open abdomen and exposure to room temperature may have some effect on the observed contraction; however, the detectable motility of the horns may indicate that this effect is negligible.
The computed range of the dominant frequency of the horn contractions was 0.008 to 0.029 Hz, which is around one contraction per minute. Similarly, analysis of the prooestrus in vivo uterine contraction with the video laparoscopy system [1] revealed frequencies of about 0.01 Hz (i.e. 40-50 contractions per hour). Our analysis also demonstrated that the amplitudes of the horn wall motility were in the range of 5 -7% with respect to the local diameter of the horn. On the average, the peristalsis of all subjects is fairly symmetric with respect to the horn centreline. Similar to Crane & Martin [1] we also observed that wall motilities of the left and right horns due to myometrial contractions are not synchronized and the myometrial smooth muscles of each horn contract independently.
In our study we could not distinguish between contractions of the circular and longitudinal muscular layers of the myometrium. It is unclear how Crane & Martin [1] related the contractions to the inner circular and outer longitudinal layers of the myometrial smooth muscles. However, they reported that most of the longitudinal contractions propagated caudally. Similar patterns were also observed in the present study while watching the video clips. Similar patterns of occasional caudal propagation of contractions during pro-oestrus were also reported in the in vitro studies with excised mice uterine horns [8] . While the study of Crane & Martin [1] was based of subjective evaluation of in vivo imaging of the free horns, the study of Dodds et al. [8] was objective but on excised horns sutured with tension transducers. The present study is both in vivo and objective of the free horns.
We implemented the active contour model for objective determination of the horn outlines in each frame of the video clip. However, this method requires initiation by royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180082 manual marking of the expected outlines of the horns in the first frame. In order to explore the effect of this manual initiation of the analysis, we repeated two times the analysis for subject no. 4, including the manual marking in the first frame. The computed results of the horn motility and the dynamic characteristics were identical in both analyses. In the analysis, we derived the centreline of each horn by subtracting the tenth-order analytical fit for the lateral and medial outlines. We also tested the option of subtracting the discrete data of the outlines instead of computing the analytical curves, but in this approach the results could not be repeated on the second analysis.
The most important new aspect of the present method is the fact that we converted in vivo imaging of the mouse uterus into time dependent biological data that can be analysed for the dynamic characteristics using modern computational techniques. In a recent study, another group investigated in vivo uterine contractions in non-pregnant sows, which also have a duplex uterine [21] . They recorded electromyography signals from three silver bipolar needle electrodes that were sutured to the right and left horns and the corpus uteri via a telemetry implanted system. Then after, they implemented modern methods for spectral analysis of the time dependent signals, similar to our approach. However, this method required invasive insertion of the electromyography electrodes into the organ, while the present method is based on remote acquisition of the horn natural motility.
The expected errors of this objective method are due to the resolution of the video images and the computerized analysis. Calibration of the images to the real size of the uterine horns showed that 1 pixel represents 0.33 mm. The accuracy of the detection of the horn outlines is expected to be within half a pixel or 0.167 mm. In addition, we smoothed the resulting outlines of the horns at each frame which induced errors within 5% before evaluation of the frequency spectrum. All in all, we approximate the errors of the current method for analysis of the horn motility to be less than 8% of the motility range of the mouse horns. In addition, the present method for objective analysis of the dynamic characteristics of uterine peristalsis was developed for moderate contractions within the uterine horns while they are maintained within the plane of the microscope objective, as in the pro-oestrus stage. For stronger contractions that may occur during oestrus or pre-implantation, the horns may move in and out of the image plane and the current method requires further development.
Uterine peristalsis is part of complex mechanisms during the different stages of reproduction in most mammals, including humans. These non-pregnant myometrial contractions have pivotal roles in the mechanisms responsible for successful reproduction, development of infertility and the aetiology of uterine diseases [2,13,17,21 -28] . Uterine peristalsis is among the research challenges and required needs for implementation in more optimized clinical routines of reproductive diagnosis [29] . Currently, information of human uterine contraction patterns is not used to analyse uterine status for clinical interventions such as prediction of the optimal time for embryo transfer after in vitro fertilization or detection of pathologies due to absence of detailed knowledge on the relationship of uterine contractions to its function [30] . In addition, new methodologies, for both research and clinical utilization, are required for [29] . The mouse is a frequent animal model for understanding human pathophysiology, and thus the biomechanical features of mouse uterine contractions at different stages require comprehensive investigations in order to explore the regulation of uterine contractions for important reproductive issues. For example, sperm entry and embryo transport, which may improve our understanding of the function of uterine contraction in human reproduction. Interestingly, the frequency of human pre-ovulation uterine peristalsis is in the range of 0.01-0.09 Hz with a mean around 0.05 Hz [13, 14, 17] , while in the present study we found that uterine peristalsis in the pro-oestrus mouse is in the range of 0.008-0.029 Hz, which is within the range measured in humans. Thus, it is important to explore and better understand mouse uterine peristalsis at different stages of oestrus.
In summary, we developed a new method to study in vivo uterine peristalsis in small animals like the mouse. The acquisition procedure of the uterine organ is remote without interfering with the organ function. The uniqueness of the new approach is that video imaging of uterine motility was converted to biological time dependent signals that can be processed with advanced algorithms. Using this methodology we found that uterine peristalsis in the pro-oestrus mouse is in the range of 0.008-0.029 Hz, which is about one contraction per minute and with fairly symmetric contractions that occasionally propagate caudally. This range of pre-oestrus uterine contractions is similar to the measured range of pre-ovulation peristalsis in humans.
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